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SUMMARY 

', 
\ A n  i nves t iga t ion  w a s  conducted i n   t h e  Langley  16-Foot  Transonic  Tunnel t o   d e t e r -  
mine the  longi tudinal   aerodynamic  character is t ics  of twin  two-dimensional ( 2 - D )  
nozzles and  twin  baseline  axisymmetric  nozzles  installed on a f u l l y  metric 0.047- 
scale model of the   F15   th ree-sur face   conf igura t ion   (canards ,  wing, hor izonta l  
t a i l s ) .  The e f f e c t s  of 2-D nozz le   in - f l igh t   th rus t   revers ing ,   loca t ions  and or ien ta-  
t i o n  of t h e   v e r t i c a l  tai ls ,  and de f l ec t ions  of the   hor izonta l  ta i ls  were a l so   de te r -  
mined. Test data were o b t a i n e d   a t  s ta t ic  conditions and a t  Mach numbers from 0.60 t o  
1.20 over  an  angle  of attack range  from - 2 O  t o  150. Nozzle  pressure ratio was var ied 
from jet off t o  about  6.5. 

Resul ts  of t he   i nves t iga t ion   i nd ica t e   t ha t   t h rus t   r eve r s ing  had e s s e n t i a l l y  no 
e f f e c t  on l o n g i t u d i n a l   s t a b i l i t y  and  only  small   effects on ho r i zon ta l - t a i l   con t ro l  
effectiveness.   Nacelle-mounted  vertical  tai ls  produced  sl ightly  lower  drag  than  the 
basel ine,  boom-mounted v e r t i c a l   t a i l s   a t   s u b s o n i c  Mach numbers. The axisymmetric 
nozzles  with  baseline or nace l le -mounted   ver t ica l   t a i l s  had  lower  drag  than  the two- 
dimensional'  convergent-divergent  nozzles. 

INTRODUCTION 

Recent s tud ie s  of tw in -eng ine   f i gh te r   a i r c ra f t   ( r e f s .  1 t o  5) have i d e n t i f i e d  a 
number  of potent ia l   advantages of nonaxisymmetric  nozzles  as compared to   convent ional  
round or  axisymmetric  nozzles. One important  benefit  of nonaxisymmetric  nozzles is  
the   adap tab i l i t y  of the   des ign   to   inc lude   th rus t   vec tor ing  and reversing  with  less  
weight  penalty  than  conventional  axisymmetric  nozzles.  (See  refs. 5 and 6.)  The 
addi t ion  of t h r u s t   r e v e r s i n g   c a p a b i l i t i e s   t o  most cur ren t  and f u t u r e   f i g h t e r   a i r c r a f t  
would greatly  enhance  short   f ield  take-off and landing (STOL) performance. A l s o ,  t h e  
use of i n - f l i gh t   t h rus t   r eve r s ing   has   t he   po ten t i a l   t o  improve a i r p l a n e   a g i l i t y  
during  a i r - to-air  combat. 

The performance of nonaxisymmetric  nozzle  thrust   reversers a t  s t a t i c  and  sub- 
sonic   f l ight   condi t ions  has  been  determined in   severa l   exper imenta l   inves t iga t ions  
( r e f s .  7 t o  13) . These resul ts   inaicate   that   h ighly  eff ic ient   nonaxisymmetr ic  noz- 
zles  with  thrust   reversers  can be designed. However, use of t h e   i n - f l i q h t   t h r u s t  
reverser   could  cause  s ignif icant   changes  in   a i rplane  ta i l   loads,   par t icular ly   for  
twin-ver t ica l - ta i l   conf igura t ions   ( re f .  14) and could  also  degrade  the  control 
e f fec t iveness  of h o r i z o n t a l - t a i l   ( r e f .  11)  and  rudder  surfaces  (ref.  12). The e f f e c t  
of i n - f l i gh t   t h rus t   r eve r s ing  on s t a b i l i t y  and c o n t r o l   a t   a n g l e  of a t t ack  is a l s o  of 
great  importance. 

This   paper   presents   the  longi tudinal   aerodynamic  character is t ics  of a three- 
surface F-15 model with  baseline  axisymmetric  nozzles  installed and with two- 
dimensional  convergent-divergent (2 -D C-D) nozz le s   i n s t a l l ed .  Each nozzle  type was 
t e s t e d   i n   t h e   p o s i t i v e   t h r u s t  mode, and the  2-D C-D nozzles were a l s o   t e s t e d   i n  
p a r t i a l  and f u l l   r e v e r s e   t h r u s t  modes. 

This   inves t iga t ion  w a s  conducted i n   t h e  Langley  16-Foot  Transonic  Tunnel a t  
s t a t i c   c o n d i t i o n s  and a t  Mach numbers  from 0.60 t o  1.20. Angle of a t tack  was var ied  

f from - 2 O  t o  15O, and  nozzle  pressure ra t io  w a s  var ied from jet off   (1 .0)   to   about  6.5 
{ 
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depending on Mach number. Two tw in -ve r t i ca l - t a i l   l oca t ions ,   t h ree   tw in -ve r t i ca l - t a i l  
toe angles   ( leading  edge  out) ,  and th ree   ho r i zon ta l - t a i l   de f l ec t ion   ang le s  were 
t e s t ed .  
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SYMBOLS 

nozzle-exi t   area,  cm 

nozzle- throat   area,  cm 

thrust-removed  drag  coefficient,  - 

2 

2 

D 
%VS 

drag-minus-thrust   coefficient , - D -  F 

qWS 

t o t a l   l i f t   c o e f f i c i e n t  , T o t a l   l i f t  

YWS 

l i f t   c o e f f i c i e n t  w i t h  s t a t i c   t h r u s t  component  removed, - L i f t  

qWS 

t o t a l  pitching-moment c o e f f i c i e n t ,  To ta l   p i t ch ing  moment - 
qcDsc 

c (bH=50) - c f6,=O0) 
hor i zon ta l - t a i l   p i t ch -con t ro l   e f f ec t iveness ,  

m m 
5 

wing mean geometric  chord, 22.83 cm 

drag, N 

t h r u s t ,  N 

gross t h r u s t ,  N 

i dea l   i s en t rop ic  gross t h r u s t ,  m ~ - , RT . - (%)? 
t , l  ’t, j - 

free-stream Mach number 

measured  mass-flow rate ,   kg/sec 

i d e a l  mass-flow rate ,   kg/sec 

ave rage   j e t   t o t a l   p re s su re ,  Pa 

f ree-s t ream  s ta t ic   p ressure ,  Pa 

free-stream dynamic pressure,  Pa 



R gas   cons t an t   ( fo r  y = 1.3997), 287.3 J1kg-K 

S wing reference area, 1244.9 c m L  

Tt, j j e t  to ta l   t empera ture ,  K 

U angle  of a t tack,   deg 

Y r a t i o  of spec i f i c   hea t s ,  1.3997 for a i r  

horizontal- ta i l   def lect ion  angle ,   posi t ive  leading  edge  up,  deg 

nozz le   th rus t - reverser   f lap   angle ,   deg   ( f ig .   11)  6REv 
Abbreviations: 

A D  

ASME 

B.L. 

C-D 

DSW 

F.S. 

L.E. 

L.H. 

NPR 

PTJ 

R.H. 

ssw 

vsw 

W.L. 

2 -D 
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b u t t   l i n e ,  c m  

convergent-divergent 

d ivergent   s idewal l s  

fu se l age   s t a t ion ,  c m  

leading  edge 

l e f t  hand 

nozz le   p re s su re   r a t io  

nozz le   j e t - to ta l -pressure   o r i f ices  

r i g h t  hand 

f ixed ,   s t r a igh t   s idewa l l s  

var iab le   s idewal l s  

wa te r l ine  

two-dimensional  (nonaxisymmetric) 

APPARATUS AND PROCEDURE: 

Wind Tunnel 

Th i s   i nves t iga t ion  w a s  conducted i n   t h e  Langley l6-~oot   Transonic   Tunnel ,  a 
single-return,  continuous-flow,  atmospheric wind tunnel  with a Slot ted,   octagonal  
test section  measuring 4.8 m d i ame t r i ca l ly  t o  mid f l a t   cen te r   l i ne .   w i th   t he   a id  of a \ compressor  system,  which  draws a i r  out  through slots i n   t h e  t es t  s e c t i o n   f o r  
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M > 1.05, the tes t - sec t ion  airspeed is continuously variable between Mach numbers of 
0.20 and 1.30. Further detai ls  on d imens ions   and   the   opera t ing   charac te r i s t ics  of 
t h e  Langley 16-Foot Transonic  Tunnel  can be found i n   r e f e r e n c e  15. 

Support  System 

The  model w a s  suppor ted   in   the   tunnel  by a s t ing-s t ru t   sys tem as shown i n  fig- 
u re  1. High-pressure a i r  l i n e s  and a l l  instrumentat ion were routed  through  the 
support  system. The complete model w a s  mounted  on a n   i n t e r n a l ,  six-component s t r a i n -  
gage  balance  through  an  adapter t o  t h e   s t i n g   s t r u t .  

Propulsion  simulation System 

The fac i l i t y   h igh -p res su re  a i r  system  provided a continuous f l o w  of  clean,  dry,  
heated a i r  t o  t h e  model. This  high-pressure a i r  is t r a n s f e r r e d  from a common high- 
pressure plenum i n   t h e   f r o n t  of t h e  model t o  the  nozzles  by means of dual  flow- 
t r a n s f e r  assemblies. A sketch of the  assembly is shown i n   f i g u r e  2. The t w o  sets of 
f l e x i b l e  metal bellows ( long i tud ina l )   i n   con junc t ion   w i th   t he  t w o  side-mounted metal 
bellows ( la te ra l )  serve t o  minimize  pressurization tares  while still maintaining 
s u f f i c i e n t   f l e x i b i l i t y  for proper force ba lance   opera t ion   in  a l l  s i x  components. 

Transit ion  (from  round t o  rectangular  cross sect ion)   and  instrumentat ion sec- 
t i o n s  were downstream  of  30-percent-open  choke plates which were located in   each  
exhaust f l o w  t a i l p i p e  a t  fuse l age   s t a t ion  83.35. The t r ans i t i on   s ec t ion   t e rmina ted  
a t  fuse l age   s t a t ion  91.592,  which w a s  t h e  common connect   point  for a l l  t w o -  
dimensional  nozzles. The axisymmetric  nozzles  used  an  externally  tapered  r ing t o  
f a i r  between F.S. 91.592 and F.S. 93.259 - the  axisymmetric  nozzle common connect 
po in t .  

Mode 1 

The model u s e d   f o r   t h i s   i n v e s t i g a t i o n  w a s  a 0.047-scale model  of a F-15 three-  
surface  configurat ion  (canards,  wing, hor izonta l  t a i l s )  with  axisymmetric  nozzles. 
This model is a f u l l y  metric j e t - e f f e c t s  model wi th   fa i red-over   in le t s  t o  allow pro- 
pulsion  simulation. A sketch of t h e  model i s  shown i n   f i g u r e  3. Figure 4 shows a 
photograph of the  model i n s t a l l e d   i n   t h e  Langley  16-Foot  Transonic  Tunnel. Model 
geomet r i c   cha rac t e r i s t i c s  are given i n  table I. The base l ine   conf igura t ion  is char- 
a c t e r i z e d  by  boom-mounted tw in   ve r t i ca l  t a i l s  ( toe angle ,  L.E. out,  of 2O), a f t -  
loca ted  boom-mounted hor izonta l  t a i l s ,  closely  spaced  axisymmetric  twin  engines,   and 
forward  inlet-mounted  canards.   For  this  investigation,  the  canards w e r e  set  a t  a 
nominal  angle of -6O (leading  edge down) - t h e  minimum drag  angle for subsonic   cruise  
f l i g h t  as determined from unpublished  wind-tunnel  data.  In  order t o  adapt   the  model 
af terbody  for  smooth i n t e g r a t i o n  of the  rectangular  nozzle  shape,  hardware  interfair-  
ings  were used. 

Baseline  axisymmetric  nozzles.-   Sketches  of  the t w o  baseline  axisymmetric noz- 
z l e s  showing t h e i r  geometry are g iven   i n   f i gu re  5. The nozzles  with  the smaller 
t h r o a t   a r e a   ( f i g .   5 ( a )  ) represent   the  maximum dry-power s e t t i n g   f o r  a l l  Mach numbers 
less than 1.10, while   the  nozzles   with  the larger t h r o a t  area ( f i g .  5 ( b )  ) represent  
t h e  maximum-afterburning-power s e t t i n g  (A/B) for  Mach numbers less than 1.10. A 
sketch  and  the  coordinates of the   f ixed   fa i r ing   a round  the   nace l le   ahead   of   the  mov- 
able nozzle boattails  are g iven   i n   f i gu re  6. 
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Baseline (boom-mounted) v e r t i c a l   t a i l s  were mounted a t  2 O  (L.E. out)   toe   angle  
and a l s o   a t  Oo and 4 O  (L.E. o u t ) .  An a l t e r n a t e  t a i l  conf igura t ion   wi th   the   ver t ica l  
t a i l s  mounted forward on the  engine  nacel les  a t  2 O  toe   angle  and 15O cant  angle w a s  
also tes ted.   In   conjunct ion  with  this   posi t ion of t h e   v e r t i c a l  tails, a d i f f e r e n t  
set  of booms were  used t o  mount t he   ho r i zon ta l  tails. Photographs of t h i s   v e r t i c a l -  
t a i l  configurat ion are shown i n   f i g u r e  7( a ) ,  and a sketch  giving  the  important dimen- 
s ions  of t he  model (with 2-D nozz le s   i n s t a l l ed )  is shown i n   f i g u r e   7 ( b )  . 

Two-dimensional  convergent-divergent  nozzles .- A photograph of the  two- 
dimensional  convergent-divergent (2-D C-D) nozz les   ins ta l led  on the  F-15 model i s  
shown i n   f i g u r e  8. Sketches of the  dry and A/B p o w e r  pos i t i ve - th rus t  2-D C-D nozzles 
a r e  shown i n   f i g u r e  9. The dry  and A/B power nozz le   f laps   for   use   wi th   s t ra ight  
s idewalls  are shown i n   f i g u r e   9 ( a ) ,  and the  dry-power nozzle   f laps   for   use  with  the 
divergent   s idewalls  are shown i n   f i g u r e   9 ( b ) .  The three   s idewal l   conf igura t ions  are 
shown i n   f i g u r e   9 ( c ) .  The f ixed ,   s t ra ight   s idewal l s   represent   s idewal l s   tha t  do not 
change  shape as the  nozzles   are   c losed down t o  dry power from the  A/B power s e t t i n g ,  
creating  channels  over  the movable f lap  surfaces .   (See  photograph  in   f ig .  8.) The 
f ixed  divergent   s idewalls   are  shown i n   t h e   c e n t e r  of f igure   9 (   c )  and present  an 
attempt  to  reduce  nozzle  sidewall   boattail ing.   These were  used  only  with  the  diver- 
gent  sidewall   f laps shown i n   f i g u r e   9 ( b ) .  For these   s idewal l s ,   th roa t  and e x i t  
he ights  were reduced  s l ight ly  to  r e t a i n   t h e  same th roa t   a r ea   a s   t he   s t r a igh t   s idewa l l  
dry-power posi t ive- thrust   nozzles .  The var iable   s idewalls  shown a t   t h e  bottom  of 
f igure   9 (c)   represent   the   nozz les   in   the  dry-power condition  but  without any  exposed 
s idep la t e s .  

Figure 10 is a photograph of t he   fu l ly   dep loyed   t h rus t   r eve r se r s   i n s t a l l ed  on 
the  F- 15 model.  Sketches  of  the two reverser  deployments  tested  are shown i n   f i g -  
ure  11.  The p a r t i a l l y  deployed ( g o o )  reverser  w a s  des igned   t o   spo i l   a l l   f o rward  
thrust ,   whi le   the  ful ly   deployed (130O) reverser  w a s  designed  to  produce  approxi- 
mately 50 percent   reverse   th rus t .  

This 2-D C-D nozzle  design  simulates a variable-area  internal  expansion  nozzle.  
The throa t   a rea  and the   ex i t   a r ea  of the  full-scale  hardware would be independently 
cont ro l led  by the   separa te   ac tua t ion  of the  convergent and divergent  nozzle  f laps.  
Thrust   reversal  would be  accomplished by ac tua t ion  of the  convergent   f laps ,   c losing 
the  throat  area  while  simultaneously  opening  the  reverse  f low  ports  upstream. For a 
complete  description of t h i s   nozz le  mechanism, see reference 8. 

Instrumentation 

Model forces  and moments were measured by an i n t e r n a l  six-component s t r a i n -  
gage  balance.   Internal  cavity  pressures were measured a t  two forward and two a f t  
loca t ions .  

Mass-flow ra te   in   each   nozz le  w a s  determined  from t o t a l   p r e s s u r e  and  temperature 
measurements i n   t he   f l ow  t r ans fe r   a s sembl i e s   ( f i g .  12)  using  flow  constants deter- 
mined  from the   ca l ib ra t ions   w i th  ASME standard  nozzles. The to t a l  mass-flow rate 
(both  nozzles) w a s  measured by a turbine  f low meter ( ex te rna l  t o  the   t unne l ) .  These 
da ta  were used  as a back-up t o  the   ca lcu la ted   va lues .  The flow  conditions  in  each 
nozzle were determined by  two total-pressure  probes - one  from the  top  and one  from 
t h e   s i d e  of  each t a i l p i p e  - and  one  total-temperature  probe  in  each  nozzle.  A l l  
nozzle  instrumentation w a s  l o c a t e d   a f t  of the  choke p l a t e  and t r a n s i t i o n   s e c t i o n   ( s e e  

pressure  t ransducers .  
$ sec t ion  ‘%lode1 and  Support  System“). A l l  pressures  were measured  with  individual 
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Tests 

Test da ta  were taken a t  Mach numbers of 0,  0.60,  and 0.90 f o r  a l l  configurat ions 
and a t  1.20 for   se lec ted   conf igura t ions .  Angle of a t t a c k  w a s  var ied from -20 t o  150 
depending upon Mach number; nozzle   pressure  ra t io   var ied  f rom  approximately 1.0 ( j e t  
o f f )  t o  about  6.5  depending upon Mach number. Basic data were obtained by holding 
nozzle pressure r a t i o   c o n s t a n t  and  varying  angle of attack.  Nozzle-pressure-ratio 
sweeps were conducted a t  Oo angle of a t tack  for   selected  configurat ions.   Undeflected 
ho r i zon ta l  ta i ls  were tested with a l l  configurat ions,   and  selected  configurat ions 
were tes ted  with  horizontal  t a i l s  def lec ted  a t  - 15O and 5O and  with t a i l s   o f f .  

Boundary-layer  transit ion w a s  f ixed  on the  model by means of 0.25-cm-wide s t r i p s  
of No.  120 carborundum grit. These s t r i p s  were located 1.91 cm a f t  (streamwise) of 
t he   nose   and   t he   i n l e t   f a i r ings .   T rans i t i on   s t r ip s  on a l l   l i f t i n g   s u r f a c e s  were 
l o c a t e d   a t  5 percent   local   chord.  The methods descr ibed   in   re fe rences  16 and 17 were 
used t o  determine  the  locat ions of t h e s e   s t r i p s  and t h e  grit s i ze .  

Data  Reduction 

A l l  data   for   both  the model and the  wind tunnel  were recorded  simultaneously on 
magnetic  tape. For each  data  point  approximately 50 frames of da t a ,   t aken   a t  a r a t e  
of 10 frames  per  second,  were  used to  obtain  average  recorded  data.  The recorded 
data w e r e  used   to  compute s tandard  force and moment coe f f i c i en t s   u s ing  wing area, 
mean geometric  chord,  and  span  for  reference  area  and  lengths.  Corrections  were made 
to   the   force   da ta   to   account   for   be l lows/ba lance   in te rac t ion   ta res   ( re fs .  7 and 11).  
In   addi t ion,   balance  correct ions were a l s o  made to   accoun t   fo r   i n t e rna l   cav i ty  
pressure /a rea   t a res .  

Model angle of a t t ack  a w a s  computed  from the   s t ru t   p i tch   angle .   This   angle  
was corrected by apply ing   s t ing   def lec t ion  terms caused by bending  under  aerodynamic 
load. A flow  angularity  adjustment of 0 . lo ,  which is the  average  angle  measured  in 
the  Langley 16-Foot Transonic  Tunnel, was app l i ed   t o   t he   ang le  of a t tack .  

Tota l -pressure   p rof i les  were determined  for  the ASME ca l ibra t ion   nozz les   and   the  
2-D C-D nozz les   wi th   s t ra ight  sidewalls by use of movable Kiel   probes  ( total   pres-  
s u r e ) .  Each in te rna l   to ta l -pressure   p robe  was cor rec ted   to   the   in tegra ted   va lue  of 
j e t  t o t a l   p r e s s u r e   a t   t h e   n o z z l e   t h r o a t .  

Thrust-removed c o e f f i c i e n t s  were obtained by determining  the components of 
th rus t   in   the   ax ia l ,   normal ,  and p i t ch   d i r ec t ions  and subtracting  these  values  from 
the  measured  forces.  These  thrust components a t  forward speeds were  determined  from 
measured s t a t i c   d a t a  and a r e  a funct ion of the  f ree-s t ream s ta t ic  and  dynamic 
pressure.  

Data from t h i s   i n v e s t i g a t i o n  may be  used to   correct   aerodynamic  forces  and 
moments obtained on an  unpowered  model hav ing   t he   co r rec t   i n l e t  geometry and i n l e t  
flow. A 0.047-scale  sting-mounted  aerodynamic model of t he  F" 15 three-surface con- 
f igura t ion   wi th   the   cor rec t  i n l e t  shape and mass flow  has  previously been tes ted  and 
t h e   r e s u l t s '   a r e   r e p o r t e d   i n   r e f e r e n c e  18. Aerodynamic force  and moment data   for  a 
0.047-scale F-15 model without  canards,  using  the  axisymmetric  nozzles of th i s   i nves -  
t i g a t i o n  t o  s imula t e   t he   ac tua l   nozz le s   a t   ope ra t ing   nozz le   p re s su re   r a t io s ,  as wel l  
as these  nozzles  plus choke nozzles to  match flow-through  nozzle  pressure  ratios,   can 
be  found in   r e f e rence  19. These   da ta   should   fur ther   a id   in   sor t ing   ou t   the   p ropul -  
s ion   e f fec ts   for   the   th ree-sur face   conf igura t ion .  



PRESENTATION  OF  RESULTS 

The  results  of  this  investigation  are  presented  injplotted  coefficient form 
except  for  the  static-performance  data,  which  are  presented  in  ratio  form.  Unless 
otherwise  noted  on  the  figures,  data  are  for  the  baseline  configuration  with  boom- 
mounted  twin  vertical  tails  (toe  angle, L.E. out,  of  2O)  and  boom-mounted  horizontal 
tails  at Oo deflection. 

The  static-performance  data  are  presented  in  the  following  figures: 

Figure 

Baseline  configuration  with  axisymmetric  nozzles ............................ 13 
Configuration  with  two-dimensional  convergent-divergent  (2-D  C-D)  nozzles 
and  fixed,  straight  nozzle  sidewalls (SSW) ................................ 14 

Configuration  with  2-D  C-D SSW nozzles  and  with  two  different 
nozzle  sidewalls .......................................................... 15 

Reverse  thrust  performance  of  configuration 
with  2-D  C-D SSW nozzles .................................................. 16 

The  basic  drag-minus-thrust  performance  data  for  all  configurations  are  pre- 
sented  in  the  following  figures: 

Baseline  configuration  with  axisymmetric  nozzles - 
Dry  power; M = 0.60 ...................................................... 
Dry  power; M = 0.90 ...................................................... 
Dry  power; M = 1.20 ...................................................... 
Maximum  afterburning  power; M = 0.60 ..................................... 
Maximum  afterburning  power; M = 0.90 ..................................... 

Dry-power  axisymmetric  nozzles  and  nacelle-mounted  vertical  tails - 
M = 0.60 .................................................................... 
M = 0.90 .................................................................. 

Nozzle  sidewall  effects  with  2-D  C-D  dry-power  nozzles - 
Divergent  sidewalls  (DSW); M = 0.60 ...................................... 
Divergent  sidewalls; M = 0.90 ............................................ 
Variable  sidewalls (VSW); M = 0.60 ....................................... 
Variable  sidewalls; M = 0.90 ............................................. 
Fixed,  straight  sidewalls (SSW); M = 0.60 ................................ 
Fixed,  straight  sidewalls; M = 0.90 ...................................... 
Fixed,  straight  sidewalls; M = 1.20 ...................................... 

2-D  C-D  maximum-afterburning-power SSW nozzles - 
M = 0.60 .................................................................. 
M = 0.90 .................................................................. 

Dry-power  2-D  C-D  nozzles  and  nacelle-mounted  vertical  tails - 
M = 0.60 .................................................................. 
M = 0.90 .................................................................. 
Vertical  tails  off; M = 0.60 ............................................. 
Vertical  tails  off; M = 0.90 ............................................. 
Vertical  tails  off; M = 1.20 ............................................. 
Twin-vertical-tail  toe  angle of Oo; M = 0.60 ............................. 
Twin-vertical-tail  toe  angle  of 00; M = 0.90 ............................. 
Twin-vertical-tail  toe  angle (L.E. out)  of  4O;  M = 0.60 .................. 
Twin-vertical-tail  toe  angle  (L.E.  out)  of 4 O ;  M = 0 .go . . . . . . . . . . . . . . . . . . 

Twin-vertical-tail  toe-angle  effects  with  dry-power  2-D  C-D  nozzles - 
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Reverser  effects  with  2-D  C-D  dry-power  nozzles . 
Partially  deployed  reversers (hmV = goo); M = 0.60 ...................... 
Partially  deployed  reversers (6mr7 = goo); M = 0.90 ...................... 
Partially  deployed  reversers (tjmV = 900); M = 1.20 ...................... 
Fully  deployed  reversers (tjrn = 130O); M = 0.60 ......................... 
Fully  deployed  reversers (&jmV = 130O); M = 0.90 ......................... 
Fully  deployed  reversers (6 = 130O); M = 1.20 ......................... 
Horizontal-tail  deflection  of  -150 (L.E. down); M = 0.60 ................. 
Horizontal-tail  deflection  of  -15O (L.E. down); M = 0.90 ................. 
Horizontal-tail  deflection  of 5O (L.E. up); M = 0.60 ..................... 
Horizontal-tail  deflection  of 5O (L.E. up); M = 0.90 ..................... 
Horizontal  tails  off; M = 0.60 ........................................... 
Horizontal  tails off; M = 0.90 ........................................... 
Horizontal  tails  off; M = 1.20 ........................................... 
Vertical  and  horizontal  tails of f ;  M = 0.60 .............................. 
Vertical  and  horizontal  tails  off; M = 0.90 ............................... 
Vertical  tails  off; M = 0.60 ............................................. 
Vertical  tails  off; M = 0.90 ............................................. 
Nacelle-mounted  vertical  tails; M = 0.60 ................................. 
Nacelle-mounted  vertical  tails; M = 0.90 ................................. 
6,, = O o  (L.H.), 130° (R.H.); M = 0.60 .................................. 
6," = Oo (L.H.), 1300 (R.H.); M = 0.90 .................................. 

Reverser  effects ( 6,, = l3O0Y~n horizontal-tail  power . 

Reverser  effects  on  longitudinal  stability - 

Reverser  effects  with  tails  off  and  twin-vertical-tail  location - 

Differential  reversing  effects  on  longitudinal  stability - 

The  thrust-removed  longitudinal  aerodynamic  characteristics  are  presented 
in  the  following  figures: 

Baseline  configuration  with  axisymmetric  nozzles . 
Dry  power; M = 0.60 ...................................................... 37(a) 
Dry  power; M = 0.90 ...................................................... 37(b) 
Dry  power; M = 1.20 ...................................................... 37(c) 
Maximum  afterburning  power; M = 0.60 ..................................... 38(a) 
Maximum  afterburning  power; M = 0.90 ..................................... 38(b) 

M = 0.60 .................................................................. 39(a) 
M = 0.90 .................................................................. 39(b) 

Divergent  sidewalls ( D S W ) ;  M = 0.60 ...................................... 40(a) 
Divergent  sidewalls; M = 0.90 ............................................ 40(b) 
Variable  sidewalls (VSW); = 0.60 ....................................... 41(a) 
Variable  sidewalls; M = 0.90 ............................................. 41(b) 
Fixed.  straight  sidewalls (SSFJ ) ;  M = 0.60 ................................ 42(a) 
Fixed.  straight  sidewalls; M = 0.90 ...................................... 42(b) 
Fixed.  straight  sidewalls; M = 1.20 ...................................... 42(c) 

M = 0.60 .................................................................. 43(a) 
M = 0.90 .................................................................. 43(b) 

Dry-power  axisymmetric  nozzles  and  nacelle-mounted  vertical  tails . 

Nozzle  sidewall  effects  with  2-D  C-D  dry-power  nozzles . 

Maximum-afterburning-power SSP7 nozzles - 

Dry-power  2-D  C-D  nozzles  and  nacelle-mounted  vertical  tails - 
M = 0.60 .................................................................. 44(a) 
M = 0.90 .................................................................. 44(b) 
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Figure 

Twin-vert ical- ta i l   toe-angle   effects   with dry-power 2-D C-D nozzles . 
Ver t i ca l  tails o f f ;  M = 0.60 ............................................. 45(a)  
Ver t ica l  tai ls  o f f ;  M = 0.90 ............................................. 45(b)  
V e r t i c a l   t a i l s   o f f ;  M = 1.20 ............................................. 45(c)  
Twin-vertical-tail   toe  angle  of Oo; M = 0.60 ............................. 46(a)  
Twin-ver t ica l - ta i l   toe   angle  of Oo; M = 0.90 ............................. 46(b) 
Twin-vert ical- ta i l   toe   angle  ( L.E. ou t )  of 4O; M = 0.60 .................. 47( a )  
Twin-vert ical- ta i l   toe   angle  (L.E. ou t )  of 4 O ;  M = 0.90 .................. 47(b) 

Reverser  effects  with 2-D C-D dry-power  nozzles . 
Part ia l ly   deployed  reversers  (6 -  = g o o ) ;  M = 0.60 ...................... 48(a)  
Par t ia l ly   deployed  reversers  ( 6  = g o o ) ;  M = 0.90 ...................... 48(b) 

Fully  deployed  reversers (6RFV = 130O); M = 0.90 ......................... 49(b) 
Fully  deployed  reversers ( 6 - =  130O); M = 1.20 ......................... 49(c)  

Par t ia l ly   deployed  reversers  ( GRFV = 90°) ; M = 1.20 ...................... 48( c )  
Fully  deployed  reversers ( 6- =Y3O0 ) ; M = 0.60 ......................... 49( a )  

Reverser   effects  (6REv = 1300) on ho r i zon ta l - t a i l  power . 
Horizonta l - ta i l   def lec t ion  of -15O (L.E. down); M = 0.60 ................. 50(a)  
Hor izonta l - ta i l   def lec t ion  of -15O (L.E. down); M = 0.90 ................. 50(b)  
Hor izonta l - ta i l   def lec t ion  of 5O (L.E. up) ;  M = 0.60 ..................... 51(a)  
Hor izonta l - ta i l   def lec t ion  of 5O (L.E. up);  M . 0.90 ..................... 51(b)  

Hor i zon ta l   t a i l s   o f f ;  M = 0.60 ........................................... 52(a )  
H o r i z o n t a l   t a i l s   o f f ;  M = 0.90 ........................................... 52(b)  
Horizontal ta i ls  o f f ;  M = 1.20 ........................................... 52(c )  

Ver t i ca l  and hor izonta l  ta i ls  o f f ;  M = 0.60 .............................. 53(a )  
Ver t i ca l  and hor izonta l  t a i l s  o f f ;  M = 0.90 .............................. 53(b)  
V e r t i c a l   t a i l s   o f f ;  M = 0.60 ............................................. 54(a )  
V e r t i c a l   t a i l s   o f f ;  M = 0.90 ............................................. 54(b)  

Nace l le -mounted   ver t ica l   t a i l s ;  M = 0.90 ................................. 55(b)  

Reverser   effects  on l o n g i t u d i n a l   s t a b i l i t y  . 

Reverser  effects  with tails off and tw in -ve r t i ca l - t a i l   l oca t ion  . 

Nacelle-mounted v e r t i c a l   t a i l s ;  M = 0.60 ................................. 55(a )  

D i f f e r e n t i a l   r e v e r s i n g   e f f e c t s  on l o n g i t u d i n a l   s t a b i l i t y  . 
6,, = 00 ( L . H . ) ,  130' ( R . H . ) ;  M = 0.60 .................................. 56(a)  .................................. 

V 

Comparison  and summary da ta   p lo ts   a re   p resented   in   the   fo l lowing  

= O o  ( L . H . ) ,  130° ( R . H . ) ;  M = 0.90 56(b)  

f igu res  : 

Effec t  of axisymmetric  and 2-D C-D afterbody  nozzle  shapes on drag- 
minus-thrust  performance of configuration  with dry-power nozzles . 
M = 0.60; a = O o  ......................................................... 57(a)  
M = 0.60; a = 4O ......................................................... 57(b) 
M = 0.60; a = 8O ......................................................... 57(c)  
M = 0.60; a = 1 2 O  ........................................................ 57(d)  
M = 0.60; a = 15O ........................................................ 57(e)  
M = 0.90; a = Oo ......................................................... 58(a)  
M = 0.90; a = 4O ......................................................... 58(b) 
M = 0.90; a = 8O ......................................................... 58(c)  
M = 0.90; a = 12O ........................................................ 58(d)  
M = 0.90; a = 15O ........................................................ 58(e)  
M = 1.20; a = O o  ......................................................... 59(a)  
M = 1.20; a = 4O ......................................................... 59(b) 
M = 1.20; a = 8O ......................................................... 59(c)  

9 



I 

Figure 

Effec t  of axisymmetric  and 2-D C-D af terbody  nozzle   shapes on drag- 
minus-thrust  performance of configuration  with maximum- 
afterburning-power  nozzles - 
M = 0.60; a = O o  ......................................................... 60(a )  
M = 0.90; a = O o  ......................................................... 60(b)  

configuration  with  axisymmetric dry-power nozzles - 
Effec t  of tw in -ve r t i ca l - t a i l   l oca t ion  on drag-minus-thrust  performance of 

DISCUSSION 

Basic Data 

S t a t i c  (M = 0 )  performance.- S t a t i c  performance of the  axisymmetric  and 2-D C-D 
nozz les   in   the   forward   th rus t  mode is shown i n   f i g u r e s  13 t o  15, and s t a t i c  r eve r se  
t h r u s t  performance of t he  2-D C-D SSW dry-power nozzles is shown i n   f i g u r e  16. For- 
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ward th rus t   pe r fo rmance   FdF i   exh ib i t s   t he  normal s ing le   po in t  peak  expected  for 
nozzle  types  with a l l  internal  exhaust  flaw  expansion.  (See,  for  example,  fig. 1 5 . )  
The peaks,  though  not w e l l  defined  because  of  the law values  of Ae/At involved, 
appear   to   occur   near   the  nozzle   pressure  ra t ios   required  for   ful ly   expanded  exhaust  
flaw (NPR = 3 . 2  f o r  dry-power nozzles  and NPR = 4.5 f o r   t h e  A/B power nozz les ) .  
Nozzle  pressure  ratios  above  about 3 .70  could  not  be  achieved  for  the A/B power  noz- 
z l e s   a t  s ta t ic  conditions  because of be l laws   pressure   l imi ta t ions   p roduced   a t   the  
higher  mass flows  required.  This  problem  only  occurs a t   s t a t i c   c o n d i t i o n s  and is  
re l ieved   wi th   increas ing  Mach number as s t a t i c   p r e s s u r e  i s  reduced.   This   l imitat ion 
p r e v e n t e d   s t a t i c  test  data  being  taken  near  the A/B nozzle   operat ing NPR's, so it w a s  
necessary   to   ex t rapola te   the   da ta  up to   about  NPR = 5 t o  match the   h ighes t  NPR da ta  
p o i n t s   t a k e n   a t  M = 0 .go.  

Reverse  thrust   performance  for  the two reverser   pos i t ions ,   a long   wi th   the   for -  
ward thrust  performance  for  comparison, i s  shown i n   f i g u r e  16. The 90° r e v e r s e r   f l a p  
i s  pos i t i oned   t o  spoil the  nozzle   thrust   but   s ta t ical ly   does  produce up t o  17 percent  
reverse   thrust   wi th   increasing  nozzle   pressure  ra t io .  The resu l tan t   reverse   f low i s  
probably due to  the  uncontained  flow  upstream  of  the  four  nozzle  ports  caused by the  
very  short  nozzle  length  upstream, compared to   the   longer   f lap  downstream. The f u l l y  
deployed  reverser ,   wi th   considerat ion  for   internal   losses ,  is  designed  to  produce 
approximately 50 pe rcen t   r eve r se   t h rus t   bu t   s t a t i ca l ly   a t t a ins   on ly   abou t  45 percent .  
I t  w i l l  be shown i n   l a t e r   f i g u r e s   t h a t   t h e s e   r e v e r s e   t h r u s t   v a l u e s   i n c r e a s e   a t  
forward  speeds. 

Drag-minus-thrust  performance a t  forward  speeds.-  For a l l   t h e   c o n f i g u r a t i o n s  
inves t iga ted ,   bas ic   da ta   concern ing   e f fec ts  on the  longitudinal  aerodynamic  charac- 
t e r i s t i c s  of the  three-surface F-15 model a t  forward  speeds  are  presented i n  aerody- 
namic coef f ic ien t   form,   inc luding   th rus t   cont r ibu t ions ,  i n  f i g u r e s  17 t o  36.  The 
data for   the   comple te   conf igura t ions   (a l l  tail surface i n  p l ace )   exh ib i t   t he  normal 
c h a r a c t e r i s t i c s   f o r   a d v a n c e d   f i g h t e r   a i r c r a f t .  The configurat ion is  s l i g h t l y  
u n s t a b l e   a t  M = 0 .60  and M = 0.90 and s t a b l e   a t  M = 1 . 2 0 .  For  the  axisymmetric 
nozzle  configurations,  NPR has l i t t l e   o r  no e f f e c t  on pitching-moment  coefficient  or 
l i f t   c o e f f i c i e n t  and, of course ,   l a rge   e f fec ts  on drag-minus-thrust   coefficient.  
(See,   for  example,   f ig.  1 7 . )  With t h e i r   l a r g e r   t h r o a t   a r e a s  and much l a rge r  mass 
flow,  the  afterburning-power  nozzles  produce  approximately  twice  the  change  in C(D-F) 
as   t he  dry-power nozz les   for   the  same NPR. (See   f ig .  18. 

For  the 2-D C-D nozzle   conf igura t ions ,   the   da ta   exhib i t   t rends   s imi la r   to   the  
axisymmetr ic   nozzle   configurat ions  except   that  NPR has a much l a r g e r   e f f e c t  on 
pi tching-moment   coeff ic ient ,   especial ly   for   the  divergent   s idewall   nozzles .   (See 
f i g .  2 0 . )  This  i s  probably due t o   s l i g h t   d i f f e r e n c e s  between  the  upper  and  lower 
nozz le   f laps   and/or   s l igh t   d i f fe rences  i n  alignment of the   nozz le   f laps   wi th   the  
model c e n t e r   l i n e  a t  assembly.  In many cases  where bas i c  model conf igura t ions  were 
t e s t ed ,   da t a  were  taken a t   j e t   o f f  and a t  up to   fou r   add i t iona l  NPR's t o   he lp  
determine  in  more d e t a i l   t h e   e f f e c t s  of NPR on the  data.   (See,   for  example,  
f i g .  17. Much of these   da ta   a re   rep lo t ted   versus  NPR i n   l a t e r   f i g u r e s   t o  show the  
effects. Many of the  remaining  configurations were tes ted  only a t  j e t  off  and  oper- 
a t i n g  NPR values   to   reduce  the  length of the  wind-tunnel test  program.  (See,  for 
example, f i g .  18 . )  Figures  17 t o  27 con ta in   da t a   fo r   con f igu ra t ions   w i thou t   t h rus t  
reversers   deployed,   f igure 28 i s  fo r   pa r t i a l ly   dep loyed   r eve r se r s  (tjm = 9 0 ° ) ,  and 
f i g u r e s  29 t o  36 a re   fo r   fu l ly   dep loyed   r eve r se r s  (6,, = 130O). Again, small d i f -  
ferences  in  nozzle  geometry may be   caus ing   the   l a rge   e f fec ts  on pitching-moment  coef- 
f i c i e n t ,   e s p e c i a l l y   s i n c e  small d i f f e rences   i n   t he   t h roa t   a r ea   ( t op   t o   bo t tom)  would 
have  even l a r g e r   e f f e c t s  on moment than  for  the  forward  thrust   nozzles. .  As expected, 
removal of the   hor izonta l  t a i l s  made the  configurat ion more unstable.  (For  example, 
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compare f i g .  32 with   f ig .  29. ) Operation  of  the  reversers  has l i t t l e  or no e f f e c t  on 
the  pitching-moment  slopes  except  for M = 1.20, i nd ica t ing  minimal e f f e c t s  on longi- 
t u d i n a l   s t a b i l i t y  a t  subsonic  speeds.   (See  f ig.  29. ). This   r e su l t  is also reported 
in   r e f e rences  10 and 12 f o r   t h e  F- 15 configuration  with boom-mounted ve r t i ca l   and  
h o r i z o n t a l   t a i l s .  The a f t   l o c a t i o n  of t h e   v e r t i c a l  t a i l s  serves  t o  sh ie ld   the   rever -  
ser flow,  minimizing  effects on the   hor izonta l  t a i l s .  Removing t h e   v e r t i c a l  t a i l s  
produces a large  adverse  change  in   pi tching moment with  reverser   operat ion,   indicat-  
i ng   s ign i f i can t   r educ t ions   i n   t he   sh i e ld ing   e f f ec t .  (Compare f i g .  34(  b) with 
f i g .  29(b).) Mounting t h e   v e r t i c a l   t a i l s   f a r t h e r   f o r w a r d  on the  nacelles  produces 
s imilar   but  less reve r se r   e f f ec t s  on t h e   h o r i z o n t a l   t a i l s .  (Compare f i g .  35 with 
f i g .  2 9 . )  F u r t h e r   r e s u l t s  of t he   r eve r se r   e f f ec t s  on h o r i z o n t a l - t a i l   e f f e c t i v e n e s s  
a r e   d i s c u s s e d   l a t e r   i n  a summary f igu re .   D i f f e ren t i a l   r eve r s ing  (6- = 00 f o r  
l e f t  nozzle  and 6 = 130° for   r igh t   nozz le)   has   on ly   smal l   e f fec ts  on longi- 
t ud ina l   da t a  and r s x c e s   r e v e r s e   t h r u s t  by more than   ha l f .  (Compare f i g .  36 with 
f i g .  2 9 . )  

Thrust-removed  performance a t  forward  speeds.-  Basic  longitudinal  data  with  the 
t h r u s t  removed (determined from s ta t ic - thrus t -ca l ibra t ion   runs  made before  each  tun- 
ne l   run )   a r e   p re sen ted   i n   f i gu res  37 t o  56 i n   t h e  form of CL,a p lo t ted   versus  
a and CD. Note tha t   bo th   the  a and CD scales have  been  expanded  from the  pre- 
v ious   f igures .  For the   forward   th rus t   conf igura t ions   ( f igs .  37 t o  471, operat ion of 
the  je ts   general ly   produces  s l ight   decreases   in   drag  coeff ic ient  and  has l i t t l e   o r  no 
e f f e c t  on l i f t   c o e f f i c i e n t   e x c e p t   f o r  maximum a f t e rbu rne r  power. (See  f ig .  3 8 . )  For 
the   reverse   th rus t   conf igura t ions   ( f igs .  48 t o  561, operat ion of the  jets s i g n i f i -  
can t ly   increases   the   d rag   coef f ic ien t  and s l ight ly   reduces  or   has  l i t t l e  e f f e c t  on 
t h e   l i f t   c o e f f i c i e n t .  The l i f t   r educ t ion   w i th   r eve r se r   ope ra t ion  is the  more impor- 
t a n t  phenomenon, s ince  this   reduct ion  could  adversely  affect   maneuverabi l i ty   during 
reverser   use.  Summary data   plots   (with  pt l j /p ,  and NPR) are p r e s e n t e d   l a t e r   t o  
f u r t h e r  show t h e   e f f e c t s  of jet  operation. 

Comparison  and Summary Data 

The e f f e c t s  of the  following  configuration  changes on the  drag-minus-thrust 
performance  are   to  be discussed: 

Nozzle  type .- The l i f t  and  drag-minus-thrust  performance of the  configurat ions 
with 2-D C-D SSW dry-power nozzles is compared with  the  configurat ions  with axisym- 
metr ic  dry-power nozz les   in   f igures  57 t o  59 fo r   s eve ra l   ang le s  of a t tack  from 00 up 
t o  150 depending on  Mach number. The same comparison is made for   the   a f te rburn ing-  
power-nozzle  configurations,   but  only  at  a = 00. (See  f ig .  60. ) In   general ,   the  
axisymmetric  nozzle  configurations had s l i g h t l y  better drag-minus-thrust  performance 
than  the 2-D C-D nozz le   con f igu ra t ions   fo r   a l l  Mach numbers  and angles of a t t ack  and 
f o r  a l l  but   the   highest   values  of pt, j/p,.  The thick  nozzle  sidewalls  (about 
13.46 cm f u l l   s c a l e )  and the  necessary  nozzle  sidewall   closure,   along  with  steep 
nozzle   boat ta i l ing,   contr ibute   to   the  poorer   performance of the  2-D C-D nozzle. It 
is  f e l t ,  however, tha t   e l imina t ion  of the   in te rnozz le   c losure  would s u b s t a n t i a l l y  
improve t h i s  performance,  probably t o   o r  above the   l eve l  of the  axisymmetric  nozzle 
configurations.  Nozzle  shape  does  not  affect  the l i f t   c h a r a c t e r i s t i c s  enough t o  
ind ica t e  any s ign i f i can t   t r ends .  

Twin-vert ical- ta i l   posi t ion.-  The drag-minus-thrust  performance of t he  dry-power 
axisymmetric  nozzle  configuration  with boom-mounted v e r t i c a l  ta i ls  (base l ine )  is  
compared i n   f i g u r e  61 f o r   t h e  same nozzle  configuration  with  nacelle-mounted  vertical  
t a i l s  ( 20 L.E. out,   toe  angle)  canted  out 150 and  having  streamlined booms. The same 
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comparison i s  a l s o  made i n   f i g u r e  62 for   the   conf igura t ion   wi th  dry-power 2-D C-D SSW 
nozzles.  For  most  conditions  and  both  nozzle  types,  the  configuration  with  nacelle- 
mounted v e r t i c a l   t a i l s  had s l igh t ly   be t te r   per formance .   This   resu l t  w a s  expected, 
s ince  mounting  the  ver t ical  ta i ls  on the   nace l l e s   a l so  moves  them forward - 
substant ia l ly   reducing  af terbody  c losure rate near  the  nozzles  and moving them 
p a r t i a l l y   o u t  of the   mos t   c r i t i ca l   in te r fe rence   reg ion .   Fur ther   in format ion  on t a i l -  
l o c a t i o n   e f f e c t s   f o r  a single-engine  generic model may be . found   i n   r e f e rence  20.  

Nozzle  sidewall  shape.- The drag-minus-thrust  performance of the dry-power 2-D 
C-D nozz le   conf igura t ions   wi th   the   th ree   d i f fe ren t   nozz le   s idewal l   shapes  is pre- 
s e n t e d   i n   f i g u r e  63 f o r  M = 0.60 and M = 0.90. The var iab le   s idewal l  (VSW) and 
the   f i xed ,   s t r a igh t   s idewa l l  (SSW) conf igura t ions  had about   the same performance  for 
both Mach numbers.  Both nozzle  configurations had s igni f icant ly   be t te r   Per formance  
than  the  divergent   s idewall  (DSW) nozzle  configuration. The VSW and SSW nozzles had 
the same i n t e r n a l  geometry so t ha t   t he   s l i gh t   d i f f e rences   i n   pe r fo rmance  between them 
are due to   the  external   f low  differences  caused by the   channel   e f fec ts  of the   f ixed ,  
s t ra ight   s idewall   exposed  surfaces   above  the  nozzle   f laps  a t  the  dry-power s e t t i n g .  
By comparing  the  jet-off  data to  the  je t -on  data ,  it is  ev iden t   t ha t   t he  loss i n  
performance  for  the DSW nozzle  configuration is  due t o   i n t e r n a l   l o s s e s   i n   t h e  noz- 
z l e s .  The divergent  sidewalls  upstream of the  nozzle   throats   fur ther   aggravate   the 
a l r e a d y   d i f f i c u l t   f l a w   t r a n s i t i o n  from  round to   rec tangular  i n  the  nozzle  ducts - 
producing  addi t ional   total -pressure loss and  hence t h r u s t  loss. 

Ver t i ca l   t a i l s   on /o f f . -  Removal of the twin  v e r t i c a l   t a i l s   d e c r e a s e s  drag-minus- 
t h r u s t   c o e f f i c i e n t  a t  a l l  cond i t ions   ( f ig s .  64 to  66 )   a s  would  be  expected. A t  Mach 
numbers greater  than  0.6,   there i s  a small i n c r e a s e   i n   l i f t .   T h i s   l i f t   i n c r e m e n t  may 
be   a t t r i bu ted   t o   t he   snoo the r   f l ow  f i e ld  of the   a f te rbody  wi thout   ver t ica l  tails. 
There i s  no e f f e c t  of j e t   o p e r a t i o n  on t h e   l i f t  and  drag  increments. 

Twin-vert ical- ta i l   toe   angle  .- The e f f e c t  on drag-minus-thrust   coefficient of 
vary ing   the   twin-ver t ica l - ta i l   toe   angle  from the   base l ine  20 L.E. out is shown i n  
f i g u r e  67. The best overall  drag-minus-thrust  performance was exhib i ted  by the  4O 
toe-out  configuration.  There is a channel ing  effect  of t he  t w i n  v e r t i c a l   t a i l s ,  as 
noted   in   re fe rence  14. A t  subsonic Mach numbers, t he   l oca l   ve loc i ty  between the  
tai ls  is h igher   than   the   ve loc i ty   ou ts ide   the   t a i l s .  The turn ing  of the  twin- 
v e r t i c a l - t a i l   t o e   a n g l e  (L.E. out)   reduces  this   channel ing  effect   and,   therefore ,   the  
drag, as seen a t  M = 0.90 with  the jet  of f   ( f ig .   67(   b )  ) . With inc rease   i n   ang le  of 
a t tack,   the   drag  reduct ion  increment   decreases  as expected. With the  je t  on, t he  
pumping ac t ion  of the  flow  further  reduces  drag-minus-thrust  performance. 

Amount of t h rus t   r eve r sa l . -  U s e  of the 2-D nozz le   i n - f l i gh t   t h rus t   r eve r se r s  
shows tha t   bes ides   t he   obv ious   e f f ec t  of increased  drag  with  reverser  deployment,  
t he re  i s  also a n   e f f e c t  on l i f t  and p i t ch ing  moment, a s  shown i n   f i g u r e  68.  The 
drag-minus-thrust  increment due to thrust-reverser  deployment  decreases  with  increas- 
i n g  Mach number; however, both  the 130° (fully  deployed)  and  the 90° ( p a r t i a l l y  
deployed)  remain  effective a t  Mach 1.20.  

The  change i n  lift due to  reverser  deployment i s  an  incremental   reduction  in 
lift t h a t  is  not  dependent on the  degree of reverser  deployment.  This i s  probably 
a t t r i b u t a b l e   t o   t e s t i n g   o n l y  a t  the  90° and 130° pos i t ions .   Tes t ing  a t  other  lower 
reverser   angles   should show t h a t   t h e   l i f t   r e d u c t i o n  is a funct ion of reverser   posi-  
t ion,   but   most ly   occurr ing a t  lower angles   than 90°. 

As previous ly   d i scussed ,   th i s  F-15 three-surface  configurat ion is  subsonical ly  
unstable .  The t rend  of p i t ch ing  moment i s  bas ica l ly   unaf fec ted  by deployment of 
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t h r u s t   r e v e r s e r .   I n   t h e  basic data it w a s  shown tha t   fo r   subson ic  Mach numbers 
( f i g s .  42, 48, and  49)   reverser   instal la t ion ( je t -off   data)   caused an increment 
change i n  basic p i t ch ing  moment and that   reverser   operat ion  decreases   this   increment .  
(Compare f i g .  17 with  f ig .  29. ) The deployment of t h rus t   r eve r se r s   does   no t   a l t e r  
t h e  basic l o n g i t u d i n a l   s t a b i l i t y  of this F-15 three-surface  configurat ion.  

Twin-vert ical- ta i l   posi t ion.-  The effect of  nacelle-mounted  vertical  t a i l s  
( 2 O  L.E. out ,   toe   angle)   with  reversers   ful ly   deployed is shown i n   f i g u r e  69. As 
previously  discussed,   there  is a reduct ion  in   drag  with  the je t  off  and  with  the 
nacelle-mounted ta i ls .  Jet-on data a t  M = 0.60 reverse  the  t rend  observed  with 
the  jet  o f f .  The base l ine  tai ls ,  b e i n g   f a r t h e r   a f t ,   a r e  more inf luenced by t h e  
reverse  f low plume,  which my  cause  blockage of the  free-stream  flow. As previously 
d iscussed ,   th i s   reduct ion   in   loca l   ve loc i t ies   be tween  the   ver t ica l  tails can  reduce 
drag. The nace l le   t a i l s ,   be ing   can ted   ou tward  150 p lus   be ing   fa r ther   forward  of the  
reverse  flow, do not show the  same e f f e c t .  A t  M = 0.90, t h i s  jet  e f f e c t  is no 
longer  seen.  Drag-minus-thrust  coefficient is lower  with  both  the jet  off and the  jet 
on for   the   nace l le -mounted   ta i l s .  

Hor izonta l - ta i l   p i tch-cont ro l   e f fec t iveness . -  A 
r e v e r s e r s   i n   f l i g h t  is t h e   e f f e c t  of reverse  flow on 
t h e   h o r i z o n t a l   t a i l s   ( r e f .  11) . Figure 70 shows the  
e f fec t iveness   wi th   th rus t   reversers   fu l ly   deployed .  

major  concern of us ing   th rus t  
con t ro l   su r f aces ,   pa r t i cu la r ly  
ho r i zon ta l - t a i l   p i t ch -con t ro l  
The increment jet  o f f   t o  je t  on 

shows the   th rus t - reverser  jet  plumes  produced  only  small  changes  in  the  level of 
ho r i zon ta l - t a i l   p i t ch   e f f ec t iveness .  This smal l   e f fec t  is due to  the  arrangement  of 
t he   ho r i zon ta l  and v e r t i c a l   t a i l s  on the  F- 15 ( f i g .   7 ( b )  ) . The v e r t i c a l   t a i l s   s h e l -  
ter t h e   h o r i z o n t a l   t a i l s  from the   reverser  f low. Possible  concerns  with  this  conf  ig- 
u ra t ion   a r e   i nc reases   i n   tw in -ve r t i ca l - t a i l   l oads   ( r e f .  14)  and t h e   p o s s i b i l i t y  of 

~ ~ 

af fec t ing   rudder   cont ro l  power. 

CONCLUSIONS 

An i nves t iga t ion  was conducted  in  the  Langley  16-Foot  Transonic  Tunnel t o  
determine  the  longi tudinal   aerodynamic  character is t ics  of  twin  two-dimensional 
( 2 - D )  nozzles and  twin  baseline  axisymmetric  nozzles i n s t a l l e d  on a fu l ly   me t r i c  
0.047-scale model of t he  F-15 three-surface  configurat ion  (canards,  wing, horizon- 
t a l  t a i l s ) .  The e f f e c t s  of 2-D nozz le   in - f l igh t   th rus t   revers ing ,   loca t ions  and 
o r i e n t a t i o n , o f   v e r t i c a l   t a i l s ,  and ho r i zon ta l - t a i l   de f l ec t ions  of -150, 00, and 50 
were also  determined. Test data  were obtained a t  s t a t i c   c o n d i t i o n s  and a t  Mach 
numbers  from 0.60 t o  1.20 over an angle of attack range  from - 2 O  t o  150. Nozzle 
p re s su re   r a t io  was var ied from jet  o f f   t o   abou t  6.5. Resul ts  from th i s   i nves t iga -  
t ion   ind ica te   the   fo l lowing   conclus ions :  

1. The  two thrus t - reverser   pos i t ions   t es ted  (90°  and 130O) produced up t o  
17 percent  and 45 p e r c e n t   r e v e r s e   t h r u s t   a t   s t a t i c   c o n d i t i o n s ,   b u t   a t   t h e  
two subsonic Mach numbers invest igated,   they  produced  substant ia l ly   higher  
values of reverse   th rus t .  

2. The axisymmetric  nozzle  Configurations  had better drag-minus-thrust  perfor- 
mance than  the 2-D C-D (two-dimensional  convergent-divergent)  nozzle 
configurat ions.  

3 .  For both the 2-D C-D SSW (two-dimensional  convergent-divergent  straight- 
s idewall)   nozzle   configurat ions and the  axisymmetric  nozzle  configurations,  
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us ing   s t reaml ined  booms and  mounting  the  ver t ical   ta i ls   forward on the  
engine  nacelles  produced  better  drag-minus-thrust   performance  for  most  test  
condi t ions.  

4. The divergent-sidewall  nozzles  produced lower performance  than  the  straight- 
s idewall   nozzles  due to  i n t e r n a l  Losses i n   t h e  round to   rectangular   f low 
t r ans i t i on   duc t .  

5. The leading-edge-out toe angle of the   twin   ver t ica l  ta i ls  reduced  measured 
drag-minus-thrust a t  subsonic Mach numbers. 

6. The use of i n - f l i g h t   t h r u s t   r e v e r s e r s   d i d   n o t   a l t e r   t h e   b a s i c   l o n g i t u d i n a l  
s t a b i l i t y  of t h i s  F-15 three-surface  configurat ion.  

7 .  The thrus t - reverser  j e t  plumes  produced  only small changes i n   h o r i z o n t a l - t a i l  
p i t ch   e f f ec t iveness .  

Langley  Research  Center 
National  Aeronautics  and  Space  Administration 
Hampton, VA 23665 
June 14, 1982 
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TABLE I . . MODEL GEOMETRIC CHARACTERISTICS 

Overall  model length.  m ...................................................... 0.93 

Wing: 
Span. m .................................................................... 0.612 
Area. m 0.124 
Root   chord  ( theoret ical) .  m ................................................ 0.33 
Tip   chord   ( theore t ica l ) .  m ................................................. 0.082 
Mean geometric  chord. m .................................................... 0.228 
Aspec t   ra t io  ............................................................... 3 . 0  
T a p e r   r a t i o  ................................................................ 0.25 
Sweepback of leading  edge.  deg ............................................. 45 
A i r f o i l   s e c t i o n  .................................... NACA 64A-series  with  modified 

con ica l  camber L.E. 

2 ................................................................... 

Horizontal   ta i l   (exposed  each  s ide)  : 
Span. m ..................................................................... 0.113 

Root   chord  ( theoret ical) .  m ................................................ 0.165 
Tip   chord   ( theore t ica l ) .  m ................................................. 0.055 
Sweepback of leading  edge.  deg ............................................. 50 
Ai r fo i l   s ec t ion  ................................................... NACA 64-ser ies  

Area. m2 ................................................................... 0.012 

Ver t i ca l   t a i l   ( exposed   each   pane l ) :  
Span. m .................................................................... 0.146 
Area. m 0.013 
Root chord. m .............................................................. 0.137 
Tip  chord. m ............................................................... 0.037 
Sweepback of leading  edge.  deg ............................................. 36.57 
Toe-out  angle  (baseline  only).   deg ......................................... 2 
A i r f o i l   s e c t i o n  ................................................... NACA 64-ser ies  

2 ................................................................... 

Canard  (exposed  each  panel): 
Span. m .................................................................... 0.088 
Area. m 0.006 
Root  chord. m ............................................................... 0.113 
Tip  chord. m ............................................................... 0.028 
Sweepback of leading  edge. deg ............................................. 50 
Ai r fo i l   s ec t ion  ................................................... NACA 64-ser ies  
Dihedral  angle.  deg ........................................................ 20 

2 ................................................................... 
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Flexure  housing Air  transfer  tube 

Lateral  axis 
bellows 

Yaw  clutch 

Strut-balance 
-"""" 

@ Nonmetric  hardware 

nozzles (8) 
Nonmetric  sonic 

@ Metric  hardware 

\ 
Two opposed  flexible  bellows 
bridging  metric  to  nonmetric 
hardware 

Figure 2.- Sketch showing high-pressure air  transfer  methods of 
propulsion system. 
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Figure 3.- Sketch of 0.047-scale three-surface F-15 model. A l l  dimensions 
are i n  centimeters unless otherwise  noted. 
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Lr80- 20 19 
Figure 4.- Photograph of baseline  three-surface F-15 model with  axisymmetric 

dry-power nozzles. 
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( a )  Dry-power nozzles. 

F. S. 95.204 

2.'873 1 
I 
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Figure 5.- Sketches of axisymmetric  nozzles. A l l  dimensions are in   cent imeters  
unless  otherwise  noted. 
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A /A 1.28 e t  

1 I 5.045' 
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(b) Maximumafterburning-power  nozzles. 

Figure 5.- Concluded. 
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Figure 6.- Sketch of axisymmetric  external  nozzle  shrouds. All dimensions 

are  in  centimeters. 



680-2016 

680-2015 
(a) Photographs of model with axisymmetric dry-power nozzles installed. 

Figure 7.- Three-surface  F-15 model with  nacelle-mounted vertical tails and 
modified tail booms. 
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B.L. 0.000 

B.L. 6.198 

B.L. 8.357 

- - - - - - - - 

Add-on hardware fairing 

F. S. 90.848 
(b )  Sketch  of model afterbody and t a i l   s u r f a c e s   w i t h  2-D C-D dry-power nozzles 

i n s t a l l e d .  All dimensions  are   in   cent imeters   unless   otherwise  noted.  

Figure 7.- Concluded. 
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580-2038 

Figure 8.- Photograph of model with 2-D C-D SSW dry-power nozzles   instal led.  
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.Ae/At = 1.15 w. L. 13.879 - 1.229- - 2.77'- - 41. 417- 

t 9 + L  .025  (typ. 

Dry-power nozzle flaps 

5.52' 

Ae/At = 1.28 

.025  (typ. 1 
1.890 (typ. 

Maximum-afterburning-power  nozzle  flaps 

(a) Dry-power and maximum-afterburning-power  nozzle flaps for 
straight sidewalls. 

Figure 9.- Sketches of various 2-D  C-D nozzle flap and sidewall  configurations. 
All dimensions are in centimeters  unless  otherwise noted. 
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Figure 9.- Continued. 
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Figure 9 .- C o n c l u d e d .  



L-80-267 1 

Figure 1 0 . -  Photograph of model with  simulated,  fully  deployed  thrust  reversers. 
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(a) Fully deployed (1300 

F. S. 92.913 

F. S. 92.481 

F. S. 92.913 

Figure 1 1  .- Side-view  sketches of 2-D C-D nozzle  thrust-reverser flaps. 
A l l  dimensions  are  in  centimeters  unless  otherwise  noted. 
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Figure 12.- Sketch of model showing locations of pressure  p and temperature T 

probes for airflow system. 
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Figure  13.- Sta t ic   per formance  of configurat ion  with  axisymmetr ic   nozzles  
i n s t a l l e d  on basel ine  0 .047-scale   three-surface F-15 model. 
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Figure 14.- Sta t i c  performance of conf igura t ion   wi th  2-D C-D nozzles  and 
f i x e d ,   s t r a i g h t   s i d e w a l l s  (SSW) . 
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Figure  15 .- Sta t i c   pe r fo rmance  of conf igu ra t ion   w i th  2-D  C-D SSW nozzles  and 
wi th  t w o  d i f f e r e n t   n o z z l e   s i d e w a l l s .  
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Figure 16.- Static  reverse thrust performance of configuration w i t h  
2-D C-D SSW nozzles. 
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Figure 17 .- Drag-minusthrust   performance of conf igura t ion   wi th  dry-power axisymmetric 
n o z z l e s   i n s t a l l e d  on base l ine   0 .047-sca le   th ree-sur face  F-15 model. 
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Figure Continued. 
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Figure 17 .- Concluded. 



(a) M = 0.60. 

Figure 18.- Drag-minus-thrust performance of baseline  configuration with  maximum- 
afterburning-power axisymmetric nozzles. 
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Figure 18. - Concluded. 
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( a )  M = 0.60. 

Figure 19.- Drag-minus-thrust  performance o f  configuration  with  nacelle-mounted 
twin  v e r t i c a l   t a i l s ,   t o e   a n g l e  (L.E. out )  of 2 O ,  modified t a i l  booms, and dry- 
p m e r  axisymmetric  nozzles. 
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Figure 19.- Concluded. 
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( a )  M = 0.60. 

Figure 20 .- Drag-minus-thrust  performance. of configurat ion  with 2-D C-D dry-power 
nozzles  and  divergent sidewalls (DSW). 
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Figure 20 .- Concluded. 
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Figure 21.- Drag-minus-thrust  performance of configurat ion  with 2-D C-D dry-power 
nozzles and va r i ab le  sidewalls (VSW). 
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Figure 21 .- Concluded. 
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Figure 22.- Drag-minus-thrust  performance of configurat ion  with 2-D C-D dry-power 
nozzles  and f ixed ,   s t r a igh t   s idewa l l s  (SSW). 
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Figure 22. - Continued. 



-5  0 5 10  15 20 -. 10 - . 0 5  0 . 0 5   . I O   . 1 5  . 2 0  . 2 5  - . l o  - .05  0 .05 

a, deg D-F) cnl 

( c )  M = 1.20. 

Figure 22. - Concluded. 
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Figure 23.- Drag-minus-thrust  performance of configurat ion  with 2-D C-D maXiInUm- 

afterburning-power SSW nozzles.  
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Figure 23 .- Concluded. 
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Figure 24.- Drag-minus-thrust  performance of configuration  with  nacelle-mounted 
twin v e r t i c a l  tails, toe  angle (L.E.  out)  of 2 O ,  modified tail booms, and dry- 
power 2-D C-D SSW nozzles. 
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Figure 24.- Concluded. 
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( a )  M = 0.60. 

Figure 25.- Drag-minus-thrust  performance of configuration  with dry-power 2-D C-D 
SSW nozzles and twin  v e r t i c a l   t a i l s  off. 
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Figure 25.- Concluded. 
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( a )  M = 0.60. 

Figure 26.- Drag-minus-thrust  performance of configuration  with dry-power 2-D C-D 
SSW nozzles, boom-mounted twin v e r t i c a l   t a i l s ,  and toe  angle of Oo . 
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Figure 26.- Concluded. 
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Figure 27 .- Drag-minus-thrust   performance  of  configuration  with dry-power 2-D C-D 
SSW nozAles,   boommounted  twin  vertical  ta i ls ,  and toe angle  (L.E. o u t )  of 4 O .  
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Figure 27 .- Concluded. 
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( a )  M = 0.60. 

Figure 28.- Ef fec t  of par t ia l ly   deployed   reversers  (6-" = 90°)  on drag-minus-thrust 
performance of configurat ion  with dry-power 2-D C-D SSW nozzles.  
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Figure  28 .- Continued.  
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Figure 28 .- Concluded. 
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Figure 29.- Effect  of f u l l y  deployed  reversers (6,, = 1 3 0 O )  on drag-minus-thrust 
performance of configuration  with dry-power 2-D C-D SSW nozzles. 
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Figure 29.- Concluded. 
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Figure 30.- Ef fec t  of fu l ly   deployed   reversers  (6,, = 130O)  on drag-minus-thrust 
performance of configurat ion  with dry-power 2-D C-D SSW nozzles and hor izonta l -  
t a i l  de f l ec t ion  of -15O (L.E. down). 



‘1 D -Fl 

(b) M = 0.90. 

Figure 30 .- Concluded. 



Figure 31  .- Effec t  of fu l ly   deployed   reversers  ( 6,,, = 1 30° 1 on drag-minus-thrust 
performance of configurat ion  with dry-power 2-D C-D SSW nozzles  and horizontal- 
t a i l  de f l ec t ion  of (L.E. UP) 
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Figure 32. -  Effec t  of fu l ly   deployed   reversers  ( 6,, = 130° )  on drag-minus-thrust 
performance of configurat ion  with dry-power 2-D C-D SSW nozzles and ho r i zon ta l  
tails o f f .  
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Figure 32.- Continued. 
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( a )  M = 0.60. 

Figure 33.- Effect of f u l l y  deployed  reversers ( 6,, = 130°)  on drag-minus-thrust 
performance of configurat ion w i t h  dry-power 2-D C-D SSW nozzles and v e r t i c a l  
and h o r i z o n t a l   t a i l s   o f f .  



Figure 33.- Concluded. 
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( a )  M = 0.60. 

Figure 34.- Effect of f u l l y  deployed  reversers (fi,, = 1300) on drag-minus-thrust 
performance Of configuration  with dry-power 2-D C-D SSW nozzles and v e r t i c a l  
t a i l s   o f f .  
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Figure 34 .- Concluded. 
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Figure 35.- Effect  of f u l l y  deployed  reversers (6m = 130°) on drag-minus-thrust 
performance of configurat ion wi th  nacelle-mounted  twin  vertical ta i ls ,  toe  angle  
(L.E. out) of 2O, modified t a i l  booms, and  dry-power 2-D C-D SSW nozzles. 
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Figure 36.- E f f e c t  of d i f f e r e n t i a l   r e v e r s i n g  ( 6 m  = O o  f o r  L.H. and GpSv = 130° 
f o r  R.H. nozzles)  on drag-minus-thrust   performance of configurat ion  with  dry-  
power 2-D C-D SSW nozzles.  
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Figure 37 .- Thrust-removed longitudinal aerodynamic characteristics of baseline 
0.047-scale three-surface F-15 configuration with dry-power axisymmetric nozzles. 
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F igu re  37.- Continued. 
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Figure 37 .- Concluded. 
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Figure 38.- Thrust-removed longi tudinal  aerodynamic c h a r a c t e r i s t i c s  of basel ine 
configuration  with maximum-af terburning-power  nozzles. 
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Figure 38 .- Concluded. 
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Figure 39.- Thrust-removed longi tudinal   aerodynamic  character is t ics  of conf igura t ion  
with  nacelle-mounted  twin  vertical tails, toe angle (L.E. ou t )  of 2 O ,  modified 
t a i l  booms, and  dry-power axisymmetric  nozzles. 
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Figure 40 .- Thrust-removed long i tud ina l  aerodynamic c h a r a c t e r i s t i c s  of conf igu ra t ion  
with 2-D C-D dry-power nozzles  and d ivergent   s idewal l s  ( D S W ) .  
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Figure 40 .- Concluded. 
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F i g u r e  41 .- Thrus t - r emoved   l ong i tud ina l   ae rodynamic   cha rac t e r i s t i c s  of c o n f i g u r a t i o n  
wi th  2-D C-D dry-power   nozz les   and   var iab le   s idewal l s  (VSW). 



-2  0 2 4 6 8 10 0 .02 .04 .06 .10 

vl 
W 

(b) M = 0.90. 

Figure 4 1  a -  Concluded. 



cL. a 

-2 0 2 4 6 8 10 0 .02 .04 .06 .08 . 10 .12 .14  .16 .18 .20  ,22 .24 .26 

0. deg 
cD 

(a) M = 0.60. 

Figure 42 .- Thrust-removed longi tudinal  aerodynamic c h a r a c t e r i s t i c s  of configuration 
wi th  2-D C-D dry-powex nozzles and f ixed ,   s t ra ight   s idewal l s  (SSW) . 
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Figure  42 .- Continued. 
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Figure 42.- Concluded. 
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(a) M = 0.60. 

Figure 43 .- Thrust-removed longitudinal aerodynamic characteristics of configuration 
with maximum-af terburning-power 2-D C-D SSW nozzles. 
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Figure 43.- Concluded. 
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Figure 44.- Thrust-removed longitudinal aerodynamic characteristics of configuration 
with nacelle-mounted twin vertical tails, toe angle (L.E. out) of 2 O ,  modified 
tail booms, and  dry-power 2-D C-D SSW nozzles. 
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Figure 44.- Concluded. 
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Figure 45.- Thrust-removed longitudinal aerodynamic characteristics of configuration 
with  dry-power 2-D C-D SSW nozzles and twin vertical tails off .  
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Figure 45.- Continued. 
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Figure 45 .- Concluded. 
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Figure 46.- Thrust-removed long i tud ina l  aerodynamic c h a r a c t e r i s t i c s  of conf igura t ion  
with dry-power 2-D C-D SSW nozzles ,  boom-mounted t w i n   v e r t i c a l  t a i l s ,  and t o e  
angle of 00. 
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Figure 46.- Concluded. 
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Figure 47 .- Thrust-removed longi tudinal  aerodynamic c h a r a c t e r i s t i c s  of configurat ion 
with dry-power 2-D C-D SSW nozzles, boom-mounted twin v e r t i c a l  ,tails, and toe 
angle (L.E. out) of 40. 
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Figure 47 .- Concluded. 
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Figure 48.- E f f e c t  of pa r t i a l ly   dep loyed   r eve r se r s  ( 6 m  = 90°) on thrust-removed 
longi tudina l   aerodynamic   charac te r i s t ics  of configurat ion  with dry-power 2-D C-D 
SSW nozzles.  
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Figure 48 .- Continued. 
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Figure 49.- Effec t  of f u l l y  deployed  reversers ( 6 m  = 130O) on thrust-removed 
longi tudinal   aerodynamic  character is t ics  of configuration  with dry-power 2-D C-D 
SSW nozzles. 
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Figure 49 .- Continued. 
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Figure 49.- Concluded. 
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Figure 50 .- E f f e c t  of fu l ly   deployed   reversers  ( 6,, = 1300) on thrust-removed 
longitudinal  aerodynamic characteristics of conf igura t ion  with dry-power 2-D C-D 
SSW nozzles ,   and   hor izonta l - ta i l   def lec t ion  of - 1 5 O  (L.E. down). 



(b) M = 0.90. 

Figure 50 .- Concluded. 



C 
t , a  

LD 

( a )  M = 0.60. 

Figure 51 .- E f f e c t  of f u l l y   d e p l o y e d   r e v e r s e r s  (6Rm = 1 3 0 O )  on thrust-removed 
l o n g i t u d i n a l   a e r o d y n a m i c   c h a r a c t e r i s t i c s  of configurat ion  with  dry-power 2-D C-D 
SSW nozz le s   and   ho r i zon ta l - t a i l   de f l ec t ion  of 5 O  (L.E. u p ) .  



( b )  M = 0.90. 

Figure 5 1  .- Concluded. 



Figure 52.- Effect of f u l l y  deployed  reversers ( 6 m  = 1300) on thrust-removed 
longitudinal aerodynamic charac te r i s t ics  of configuration w i t h  *-power 2-D C-D 
SSW nozzles and hor i zon ta l   t a i l s  off .  
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(c) M = 1.20. 

Figure 52 .- Concluded. 



( a )  M = 0.60. 

Figure 53.- Ef fec t  of fu l ly  deployed  reversers (6,, = 1300) on thrust-removed 
longi tudinal   aerodynamic  character is t ics  of configuration  with dry-power Z-D C-D 
SSW nozzles and v e r t i c a l  and h o r i z o n t a l   t a i l s   o f f .  
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Figure 53 .- Concluded. 
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Figure 54.- Effec t  of ful ly   deployed  reversers  (fimV = 1300) on thrust-removed 
longi tudinal   aerodynamic  character is t ics  of configurat ion  with --power 2-D C-D 
SSW nozzles and v e r t i c a l   t a i l s   o f f .  



(b) M = 0.90. 

Figure 54.- Concluded. 



1.1 

1.0 

.9 

.8 

1 

.6 

. 5  

.4 

. 3  

.2 

. I  

0 

-. 1 

-.2 

- 2  

-4 -2 0 2 4 6  8 10 0 .02 ,124 .(16 .OS . IO . I 2  . I 4  . I 6  .I8 .20 .22 .24 .26 

0. deg CD 

( a )  M = 0.60. 

Figure 55.- Ef fec t  of f u l l y  deployed  reversers ( 6 m  = 1 3 0 O )  on thrust-removed 
longi tudinal   aerodynamic  character is t ics  of configuration  with dry-power 2-D C-D 
SSW nozzles,  nacelle-mounted t w i n  v e r t i c a l   t a i l s ,   t o e   a n g l e  (L.E. out)  of 2 O ,  and 
modified tail booms. 



(b) M = 0.90. 

Figure 55 .- Concluded. 
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Figure 56.- Ef fec t  of d i f f e ren t i a l   r eve r s ing  = O o  f o r  L.H. and 6,, = 130° 
f o r  R.H. nozzles) on thrust-removed  longitudinal  aerodynamic characterlstics of 
configuration  with dry-power 2-D C-D SSW nozzles. 



'0 0 .02 .04 .M ,08 . 10 .12 .14 .16 .18 .20 .22 .24 .26 .28 .x .32 

0. deg CD 

(b) M = 0.90. 

Figure 56 .- Concluded. 
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Figure 57.- E f fec t  of axisymmetric  and 2-D C-D afterbody/nozzle  shapes on drag- 
minus-thrust  performance of configurat ion w i t h  dry-parer  nozzles a t  M = 0.60. 
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Figure 57 .- Continued. 



0 2-D C-D SSW 
0 Axisymmetric 

: 1 

(c) a = 8 O .  

Figure 57. - Continued. 
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Figure 57 .- Continued. 
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F igure  58.- Effect of axisymmetric  and 2-D C-D af terbody/nozzle   shapes  on drag- 
minus- thrust   performance of configurat ion  with  dry-power  nozzles  a t  M = 0.90. 
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F i g u r e  58 .- Continued. 
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Figure  58.- Cont inued.  
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Figure 58 .- Concluded. 



0 2-D  C-D SSW 
0 Axisymmetric 

. 4  

. 3  ' 

. 2  

cL  .1 

0 

-. 1 

-. 2 0 2 4 6 8 

( a )  a = O o .  

'( D-F) 

Figure 59.- Effect of  axisymmetric  and 2-D C-D afterbody/nozzle  shapes  on  drag- 
minus-thrust   performance of configuration  with  dry-power  nozzles a t  M = 1.20. 
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Figure 59 .- Continued. 
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Figure 59. - Concluded. 
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Figure 60.-  E f f e c t  of axisymmetric  and 2-D C-D af terbody/nozzle   shapes on  drag-minus- 
thrust   performance of conf igura t ion   wi th  maximum-af terburning-power  nozzles a t  
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Figure 61.- Effect of twin-vertical-tail location on drag-minus-thrust performance of 
configuration with axisymmetric dry-power nozzles and twin-vertical-tail toe angle 
(L.E. Out) Of 2'. 
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Figure 61 .- Concluded. 
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Figure 62.- E f fec t  of tw in -ve r t i ca l - t a i l   l oca t ion  on drag-minus-thrust  performance of 
conf igura t ion  w i t h  2-D C-D SSW dry-power nozzles   and  twin-vert ical- ta i l   toe   angle  
(L.E. Out) Of 2'. 
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Figure 62 .- Concluded. 

-. 
P 
W 



0 ssw 
0 DSW 
0 vsw 

NPR = Jet off NPR = 3.5 

( a )  M = 0.60. 

Figure 63.-  E f f e c t  of d i f f e ren t   nozz le   s idewa l l s  on drag-minus-thrust  performance 
of configurat ion  with 2-D C-D dry-power  nozzles. 
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Figure 64.- Effect of v e r t i c a l   t a i l s  on drag-minus-thrust  performance  of 
configuration w i t h  2-D C-D SSW dry-power nozzles a t  M = 0.60. 
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Figure 64. - Concluded. 
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Figure 65.- Effect  of v e r t i c a l   t a i l s  on drag-minus-thrust  performance of 
configuration  with 2-D C-D SSW dry-power nozzles a t  M = 0.90. (Flagged 
symbols are   repea t   po in ts .  ) 
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Figure 65 .- Concluded. 
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Figure 66.- Concluded. 
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Figure 67.- E f fec t  of twin-ver t ica l - ta i l   toe   angle  (L.E.  ou t )  on drag-minus-thrust 
performance of configurat ion w i t h  2-D C-D SSW dry-power nozzles. 
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Figure 68.- E f f e c t  of t h r u s t   r e v e r s e r s  on drag-minus-thrust  performance of 
conf igura t ion   wi th  2-D C-D SSW dry-power nozzles. 
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Figure 68 .- Continued. 
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Figure 69.- E f f e c t  of tw in -ve r t i ca l - t a i l   l oca t ion  on drag-minus-thrust  performance 
of conf igura t ion  w i t h  2-D C-D SSW dry-parer  nozzles  and 6,, = 130°.  
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Figure 70 .- Horizontal-tail  pitch-control  effectiveness  for  configuration w i t h  
2-D C-D SSW dry-power nozzles and 6," = 130O. 
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